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INVISCID 11tIX)HT OF WALL IWIEI1~TJ~ENCE IN S1~OTTW TEST S~~TI0NS~ .

Suno P. Derndtss
Th. Aeronsuticc.l Research Institute of Sweden (Pi’A)

5—161 II Broumia 11 , Sweden

Abstract not as simple as come of the early ones, viii be
set down in the next sec tion. For a fuller dis—

The Classical theory of longitudinally clot— cussion of tho problems involved see Her. e ~~ted walls, which substitutes an approximate hoiu— references given therein.
geneous wall bound.iry conditio,i for the true
mixed Conditions, is extended in several respects. Our present task is to base on this model a
Sased on recen t experimental findings at the WA , general inviscid theory for the wall interter—
an inviscid flow model i. adopted in which t h e  once caused by a slotted wall. In the classi—
outgoing slot flow penetrates into the plenian cal theory of this kind3 ’, based on the slender—
chamber as a thin jot , while the re—entering body approximation , a description is obtained of
flow , admitting quiescent air from the plenum the combined effect of the mixed boundary condi—
chamber into the toat section , induces a longi — tions at the slots and slats in the form of a
tudinal separation bubble at plesnsn pressure far simpler , homogeneous boundary condition, re—
along the slot arid adjacent parts of the test lating the average pressure difference across
section will. The three—d imensional analysis , the wall  to the average streamline curva ture
based on the assumption tha t the slots are n~riow, normal to the wall. The simplification is made
retains quadratic cross—flow terms in the pros— possible by postulating a large nwnber of simi—
sure equation and allows the slots to be few in lar slots uniformlhr distributed over the inter—
inaiber and have non—uniform distribution and ge- fering wall.
csset ry. A family of homogeneous boundary condi-
ttons is obta ined , each of successively higher In order to minimize any viscous effects,
a curacy. Application to tho design of inter— and possibly for other roasons, it is desirable
foronce—freo transonic test sections is discuss— to keep the number or slots small. Furthermore ,
.4. Unsteady effects are also considered, if the slots are few in number their proper lo-

cation might become important when minimizing
the well interference. Consequently there is a1. Introduction
great need for freeing the classical theory from
its inherent restrictions while keeping its sim—It is a remarkable fact that theory plays a

very minor roll in the design and use or slotted plicity. W o sha l l achieve this by employing a
modi fied method of approximation , based on thetransonic test sections, in particular when 0110 such less res~~icttvo assimiption that the slotconsiders that the theory was already well dowel— width is ama’ ?~~ cmpared to the distance betweenopad at an early stage13 . There might be se~enil slots, From the case of uniform slot distribu-.reasons for this hut one of theai seems to be that tion this is known to be a workable approach~~°.the flow models , mainly invi scid ones, had not

been tested by careful experiments , while incon— In the present more eonerc.l context it loads to
sistencios were alleged to appear in trying to ~ straightforward applica t ion of the method of

matched asymptotic expansions.apply the theoretical results to practical wind
tunnel flows. Therefore, it seems, reliance was
placed on empirical methods, determin ing the In our analysis we shall aim at a fair level

of generality, Thif~ might for example facili—slot width so as to minimize choking effects 
tate later inclusion of corrections for viscousaround Mach one ansI accep t ing as free—stream 
effects. The main concern will be with three—conditions the upstream conditions in the empty dimensional tests , the case of two—d imensionaltest section as calibrated against the r’~~ ” tests being already treated4 , Also, we shallpressure. It became a widespread belief that not exclude the case of unsteady flow, which isviscous effects of an unknown and complicated

nature are presen t in the slot flow ~~ thai clearly quite importan t in connection with os—
therefore an empirical approach is all there is cillatory testin g” . However , in t h e  presen t
avail able. In consequence the development of paper the applications of the theory will be re—

•tr tcted to a few very simple cases.the theory came to a virtual standstill,

In a recent experimental investigation of The theo ry turns out to produce not one but
slot flows4 it has been f ound tha t under typica l a whole family of possible homogoneOus boundary

coadition~ , each correspo nding to a specif icteat condition, the slot flew is not necessarily
dominated by viscosity and tha t the refore one degre e of re solution of the details of tile wall

flow as ‘filtered’ through the averaging proc.—can define an inviscid flow model which is rca— dure , The choice for any particular app licatjo nsuitably close to reality . This model , which is will have to be based on consideration s of ac-
cur acy, There is also some freedom in th in me—

o The research reported herein was sponsored thod of applying the boundary conditions , do-
Jointly by the FFA and the US Air Force Office pend ing on the kind of problem to be solved . If
of Scientific Resea rch (Grant No, AFOSH 72—21871), the slo ts arc to be adjusted for zero int ’rfer—

once by employing measured wall pre ssure dtstr i—
ea Consult ant; a lso l’rotsssor of Gasdynam ics, butio ns , a somewha t d iffer ent type of boundary

condition wil l ho required fro .  if the .4Jussww~tRoyal Institut e of Technology (1Cm) , S—100 
~~ is to be based on a pr o—comput ed inter for .rnce—Stockho lm 70.

cr.. flow field . We shall roturn tu this point
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Pig. 1. Possible inviscid flow patterns (not to scale).
~ rast air from the slot.

in late r sections as well as to the iclat od In order to translate the slot flow model in—
questions of h ow to define and compute wall inter- to a set of boundary conditions to be used with
ference corrections and how to use test aec tion the flow equati ons further simplifications must
Calib rations, be introduced . First of all there is no need to

- consider in detail the development of the jet in—

~~~~~ _Invi scid Mod al for the Slot Flow side the plenum chamber. From the point of view
of the slot flow it should be sufficient to des—

The slot flow model to be adopted is pre sent— ignata a surface Spa across the slot exit on
.d in Pig. I • In the upstre am par t of the test which the plenum pressure may be taken to act.
ssction the flow is going outward s throug h the It must also be specified how the fast air in
slot into the plenum chamber 1 where it forms a 

the slot is split off to return to the test sec—
thin jet. The flow inside the slot is attached, tion: making the obvious cholcà, we shall as—
as indicated in cross section (a), anci separa— susie that the downstream end of Spa coincides
tian occurs at the sharp slot edges on the ~~~~ 

with the upstream end of the free sur fac e S~, ,
pide. Above the model the slot flow turn s back , win ch I s  the boundary between the fast air ønd
leaving the j~ t to continue on its own into the the quiescent plenum air (see Fig . i ) .  Thu s
interior of the plenum chamber. This • splitting ’ and S~ together (0cm a surfac e on which we have
of . the fast air into two separate streams is plenum pressure . Obviously there is no need , nor
shown beginning at section (b) .  At (c)  the fast any real possibility, to determine S~~, and hzc~&n
air in tho slot , having entered farther upstream, S~ in its subsequent development, wI ~t any ac—
is returning to the test section. At (d) the curacy. We shall interpret this as a licence to
taal air has left the slot and behind it appears make a choice which renders the analysis simple,
a ‘bubble’ of quiescent air at plenum pressure,
the boundary of which is expanding into the test Having so far tacitly assumed that the flow
section flow. Typically, th~ babble is narrow is steady, we must also consider how the flow
and extends along the slot. Pre sumably it col— model can be generalized to become applicable to
lapses onto the slot farther downstream if the unsteady flows. Obviously, the free surface S
cross flow turn s back again towards the wall. must be allowed to move . The possibility that
Vhat happens if it is struck by a *hock wave ~~~~ 

pressure waves propagata inside the plenum claim—
the model is rio t ~~~~~ 

her must also be considered . Consequently, the
pressure en S~,0 + S

~ 
cannot be taken to be la~own

This is the picture of the slot flow arrived in ~~dvance . These are serious complications
at in Ref. 4. The description leaves undecided which can perhaps not be handled without making

whether the high speed air returnin g free, the further simplifications, such, as assuming the
slot to the test section is a vorticity-carrying unsteadiness to be a sma.U perturbation of a
slug, as in (c i)  and ( d l ) ,  or whether it expands steady flow.
arou nd the •lot edges without separation , as in
(c2) and (d2). The experime ntal evidence in Ref. 3. Assumptions and Basic Equations
~~, although not quite conclusive , points to the
former alternat ive, It might well be that both The test section wall , before the slots are
types of flow nay occur. In order to avoid corn- introduced, is taken t be a cyliiwi.r, S.,
plications at this stage we shall ass’sne the (rfr . 2), The longitudinal slots , a*aibsred
second type of flow , but when developing the I to N , are connected to plonum Chamb ers with
analysis we shall keep the alternat ive in mind quiescent air at proscribed pres sures pit) (i —
as well as the possible need for viscous corroc— i ,2 , . ., N) 1  The z—uxis, para llel to S., , points
tinit s.
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in the flow direction. me rcvt tue vector r is p—h, — ‘t c~ ~~~ Grad v )  • (4)
orthogonal to the s-axis. The h> tl ra ulic rn~Tius
of S., is employed as the unit of length, where Grad denotes the gradient operator in a

plane x — constan t . The quadratic cros s—flow
- tore. is n eed ed only in the slot regions , where

S., j  the cross—flow velocity mi gh t be considerab ly
______ P larger than elsewhere. In the case of steady

2 

flow , the jot mat free—surface bound ary con—

_ _
_ _1}

~

P

‘ H 0 ~~~~~~~~ . ditfo it there fore take s the tore,

- ____ p0 p x
so Sm / Pg9I~~~\ 

on S +5  :

• Pig. 2. Slotted test section. ~
U.) r ~~~~~~~~

0° 
(i = l ,...,N) . (5)

The model and its wake are located witlth~ The corresponding condition for unsteady flow
the cylinder Se, ,  parallel to S.,. The flow is will be discussed later.

~~~ell as in the slots and plenum chambers. The In order to formulate an upstream boundary
\~ ~ taken to be inviscjd between Se, ai~~~~S~ ~~~~

i flow of fast air will be described by a small condition we shall asacune that the slots all be—
irrotational perturbation of a uniform reference gin at x = x0 and that thoir widths increase
flow parallel to t h e  x—aXis (at density Q~~, smoothly from zero. With a stretch of parallel
pr essure pe, , velocity U aiid Mach number pi), walls between the contraction and the beginning
the perturbation to be considered as produced by of the slots — since F is likely to be small
the distribution of normal velocity set up tiy the that far upstream — the flow at x x0 ought
model on Sm • This distribution is of course to be uniform (except for receding waves in the
not known in advanc e , Our ignorance of the flow unsteady case). We shall in fac t take this to
inside Se, is the reason for the wind tunnel be so and pre scribe as an upstream boundary con—
test to begin with, but from the shape of the dition for steady flow that , takes a constan t
model one can often estimate 4t  with ~~ff 1. value , co say, on the plane x = 

~ o • At the same
d ent accuracy for computing the wall interfer— time we must adjust F to vanish at 

~~~~ 
Note

once. This we assume to be so and choose for that the Mach number M of the entrance flow
the reference state the free—stream state at is a controllable teat ~arameter which deter—
which the estimate is made, mines a particular value for p,~ . We shall not

specify any downstream boundary condition , only
Let 13’ qi4x,r,t) be the perturbation veloc— assume that the slotted part of the test section

ity potential , normalized to be zero in the ret— is long enough for the conditions at the down—
orence flow. To first order for t ransonic flow stream end not to influence the flow at the
it satisfies the following differential equation model.
between Sm and the outer boundary of tb.- fast
air: In the present approach the wall interfer-

= [~~ _ l+M~(~ +1) 1 ence is obtained , obviou sly, by subtracting from
( i )  ~‘ on 5,,, the corresponding distribution oh—x j x xu x t  (J $ t t  tam ed with unbounded flow outside Sm (using

the same reference flow) in precisely the situa—More ~ is the Laplacian in planes x — constant ,
while ‘~ is the ratio of specific heats in the tion prescribed when estimating F • If we are

to minimize the interference we must explore thereference state. The inner boundary condition influence on ç of the several test parametersfor ~ is at ft point P at our disposal . The mixed form of the sot of
outer boundary condition s for qi constitutes aon Se, : qi~ F(p ,e) , (2) maJ or difficulty when performing thi s task.

where n denotes differentiati on in t h e  nonnal
direction and P is the normal velocity dist ri— 4. The Method of Approximation
bution (which we have assumed kn own). The outer
borimata ry condition on solid surfaces adjacent to In order to overcome this obstacle we shall
fast air is similar: introduce an approximation ~ (x ,r , t) for qi

satisfy ing the same diffcrentlat equation mat
on 5,, between slots: = 0 , the same inner boundary condition, but a new

outer bounda ry condition. This boundary condi-
internally in slots: ç— M(P) . (3) tion ought to be as simple as possible from tho

point of view of computing ~~, consistent with the
H vanishes wherever the walls of the slots are req uirement thn t qi must be closely equal to qi
parallel. (More generally, we could easily al— on S,,, (where the interference is to be computed).
low qi~, to be non-van ishing on S., as well , Thus, the new boundary condition shall be re-
thus accounting for small deviat ions from cylin- quir ed to be homogeneous and local in the sense
drical geometry as well as for the displacement that it its a regular functional relationship
effoct of wall boundary layers.) between ~ and its normal derivative over Ui!

• entire boundary S~~, while values of ~ or ,
The reesaining outer boundary condition in— inside S., , e.g. on Sm must not be explicit-

volvos the pressure. In the present approzima- ly present. Clearly the boundary conditions for
tion the Bernoul li equation is ~ are not homogeneous in this sense , although

• they are local.
C,
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• The potoiitinl s ~ and qi are expected to qi satisfies the boundary conditions (3) mat (5).be nearly equal almost even ywbore, in particular ~nd the problem of computing qi on Se ,, a. in—in the neighiboiirhoott of Sm • and to be essential.. fluonced by the test section wall , has been re-
ly different only where slots are located. There duced to the simpler problem of computing ~~~.the cross—flow derivatives, but not th e poten-
tials themselves or their derivatives with re.. Note that in this process it might be Un—
sp.ot to x or t , arc expected to be tich dir— necessary to compute 0, f , or ~ , since none
ferent. Noting that the ~lifforontiaL equation of them is presesit in the boundary condition for( i )  contains cross—flow derivatives only in the 

~~. However , if we want to determine conditions
left—hand member, we arrive at our basic method at the vail , for example wall pressures , then weof approsimatjo,~ we neglec t the dirference shall need to know 0 there.between ~ a~~~~qi in the right-hand member end
postulate that

3. Cont’on,.al ltipping and Analytic

~ 
( — qi) — 0 . (6) Cintinuation. Smooth,ing .

ibis is of course the slender—body appr~xinx1tion In order to arrive at tao outer boundary con—
applied to the slot flow. Thero is additional dition for ~ we niust anaLyse 0 and ~~~. They
support for its val idity in that in trnnsonic are both two—dinc-naional h.irmonic functions in
flow, and at low frequencies, all tenns in the regions with shapes independent of x • It is
right—band member or ( 1)  are small. But th i s  there fore natural to perform a conformal mapping
also points to the danger that the approxim ation of the annular rei ion between S,, anid Sm in
(6) may not be very good near shock waves and each plane x = constant , mapping the boundaries
high—frequency receding waves, At best tho ap— onto concentric circles. In additi on to other
proximation can be verified a posteriori . simplifications this will permit us to reform-

ulate the inner boundary Conditions for ~ and
The dirrerential equation (6) can be inte— by analytic continuation to be imposed at the

grated innodiately to give centre of the circles.

• — + • — (7) The mapping is scaled to leave the cross—
sectional area of s,,~ invariant, Let (r , 8)

where •(r;x ,t) and ~ (r ;x ,t)  ~~~~ ~~~~~~~~~~~~ 
be polar Coordinates in the transformed plane .

sional harmonic functions satisfying U:e ~~~~ 
Hence S,~ is mapped onto the unit circle.

typ. of boundary condition as stat ~~~. More
specifically 

• is taken to satisfy nit Inner We now postulate that in analysing ~(r,8;x,t)condition (4 with the normal derivative pro— it is sufficient to include only tot-ms up to and
scrlbed as f(P,t) on 5,,, (f being similar including the order u in a Fourier expansion
to,but in general different from F) and in addj— wlt)i respect to 0 • This is a decisive step: it
tion to satisfy the condi tion (3) for the normal specifies a ‘filte r ’ which permfts us, by choice
derivative at the outer boundary as well as the of v , to approximate 0 by ~ with controlla—
conditions (5) for the slot pressures (or a cor— ble smoothness at the wall and precision at the
responding sot for unsteady flow). In general u~ d~l• Then ~ must have the fern
this will determine 

• uniquely in terms of f • u
Similarly, ~ is taken to satisfy the seine inner ~ = A M .  r+

~ 
+Ei,II(AjcosiO + D~sinJ0)r

”
~ +

boundary condition for the normal derivative as
• and a new homogeneous and local outer bound— 

—ary condition chosen so as to make ~ uniquely + (D
determined and easy to calculate, rendering ~t ,~cosJe+ ~jsinj0)ri] , 

. (8)

at the same time closely equal to 0 on 5m • where the coefficients A , ~~~ ~~~ l~ and
If the outer boundary condi tion for ~ 

are all functions of x ~nd t .
the required property of no t containing r ex-
plicitly, then it might be eligible as the con— The corresponding expression for •(r,G;x,t),
dition defining ~~~. Let us assume this to be ~~ 

having the seine singular structure at the origin,
and solve Eq. (i) for ~~ , app lying the inner is
boundary condition (2) together with the outer U
boundary Condition thus taken over ~~~~~~~~ ~~~. • = A0Ln riD +1 1.~(A j

cosJ8 + D
3
sinJ8)r’

~ + 

. 

-This can be done without specifying f • We then
conclude from (7), assuming_the basic approxima-
tion (6) to be true , that qt is closely equal + (Djcesie + Ej smnJe)r J] + 6 • (9)
to qi on S m.  as it should be.

where the rmnainxter 6 , containing the harmonic
The-crucial question is now whether qi , as components required for ~lescribing details of

pproximatcd by (7), satisfies the outer boundaxy the slot flow , is O(r ~~ ) as r- 0. In this
conditions (3) and (5) to tsutficient accuracy. formulation the requirement of coninon singular
To verify thi s,choose f so as to make 

~~ 
— structure corresponds to the condition that the

on S,~. •  The equality of ~ anti on Sw (in and • have the same normal velocity on Sm ,virtu , of tho cesnnon boundary condition) is there.. while the requirement that the outer boundary
by extendod , approximntoly, to a neighbourhood condition for shall make it closely equal to
of 8.,. Therefore, in consequence of (7), it 

• ott S,,,, now takes the form
might be asstmmd that in a similar noighibouzt,ood
(which is taken to include the slots) qi 0 , D0 ; — D,~0,~, qi~ 0~ , Grad qi Grad 0, and also
that the free boundarie s S~ coinc ide . Then 

~~ 
(j l,2,...,v). (10)

I.
.
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One. the outer houni*n ry c end L t ton has been -- - - -

•stablt.hoel we can e i ther  uso it d irec t ly  to
solve the complicat ed lr;u,sIormvd ven sien of the

~~~ _ . SINKtremsonte ditIcrentirtt cipiation , or transform it
ft Ohback to the origina l g~oometry -usi there app ly it

to the simpler orL &&ia l qtiatinei. The choice is
one of convenience in th. numerical work . In
the following we shall L— concerned only wI t h
•atablishi ng the outer boundary condition in the
circular geometry .

6. Avyeipto tic Approx imation for Narrow Slots

The fac t that in pra ctic, slots are usually
narrow as compared to distances betweem slots Fig. 4 . A source at the origin , a sink ofwill be the basis for the contin ued analysi s, double strength on the unit circle.
In this situation asym ptotic expansion with re-
spect to the slot width as a small parameter
ouggests itself as a usefu l mothod to be adopted . It is easily shown that this solution has zero
Obviously, each slot will need its own imu ier ’ nonnal derivative ott the unit circle (for e* es’).
expansion, scaled wi th the slot width. The We can th ero for e ininediately write down the
‘outer ’ expansion will be concerned with the cuter representation of 0
overall flow on the scale of the test section
radius,

• ~ 4i))~~~~. _ ~ ~ qW~~~,~i) 4 G(r ,O ) .  (12)
j qhl ) i_i i_ i

unit disk , except at the origin , and has zero• v!.ip~ 
The undetermined function C is harmonic in the

normal deriv ative at the outer boundary. Corn—Sp~~~~~~w__________ parison with (9) shows that A0 — E qt’1/2n stat
that- 

To obtain 3 we must expand the rest 01 0.

C — D + E (A cosj O + B~sth J 9)(r’
~

J + ri). (ia)0 .,= i .1

It is easy to show that
Fig. 3. Innor and outer flows .

in r~~ ’. — E ! cos (j(e_e~
’1))r~~i O(r~

u I
), (14)In an inner expansion the slot will be lo— 

~~~~cated alone in an infinite plane wall (Fig. 3).
In the outer expansion the test section wall h encewill be solId with eink s or sources located at
the points into which the slots have contracted. J (~~(i) ) . in r + D0 +The total flux of each sink or source will of iC~~ rse be equal to twice this corresponding flux
q (i = 1 ,2 , . . . , N) through the slot (ponit ivt ’ if
into the plenum chamber; flux unit = u times + ! £q~~j  £ -~~ cos(j(e4~~))r~ } +
test section radius). These fluxes are not known
in advance but deperal on the plenum pressures p hi)

Uthrough the pressure conditions (5) at the boun~ — + E (A~cosJ e + BfinJ O)(r ’ J  + r~ ) —ariea S and S . They will therefore have
to be obrained by catching the outer expansion
to each of the inner expansions. For a survey
of match ing problems involving flow through * .+! ~ q(i){M r~” + ~ .~~ cos(J ($_ J ~

3))rJ }.  (is)
narrow slots see Ref. 12. ~ i_ i ,J= 1J

Leaving the inner expansions for later , we
shall first obta in an outer representation of •, This gives iu,msodiately an important part of
assuming the fluxes qU) to be known. This  will the atte mpted outer boundary condition for 3
permit us to analyse 3 and , in fact , to make
a first specification of the boundary condition 

~ qW {!~. ~ cos(J (o_e”~)]} . ( 16)for 3, r . l s  3
i—I J.i

An elementary solution with a source at the
origin said a sink of doublo strength on t he unit This expression for the nonimal derivative of 3
circ i. at e — ew (Fip , I t ) is given by (~ Si) in r- at the outer boundary does not contain explicit—
(1/e)in rW 

, whore r~
1(r,e) is the distance ly the coefficients Aj and 13 , which repro—

from the s~nks sent the shape of the modol , still so it seems to
be local as well as homogeneou s in the previous—

r~~
1 
— J 1—2r cos(O—O ~~~) + 1a ’ 

( i i )  ly defined sense One might suspect that the ‘~~~ —

known fluxes ~~~~ when resolved , will bring the

5
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model back into the picture , but since they are -- - - - -

to be obtained by ma tchi ng at the slots we ox-

in terms of 3.

In preparation for the matching we deduct ~ ~.Sp

puce them, nt course , to be Locally determined 

~~~~~~~~~~~~~~~~~~~~~~~from (i s )  the following inner representatIon of .

the outer representation of 0 at the slot
point k ,

1k)
s— n r ~~+3(1,J’~&x;t)+ £ H11’~~.O(r~”~). 

Fig. 5. Slot geometry.
‘I i_ i (17)

h ero a -. 0 eM we can therefore safely neglect it
when computin g the cross -flow. In addit ion to a

— in r~ ’~~ — E -
~ cos(j( e~~— ett~~], is k siiik—l ike flow into the slot , the geometry aUow s

a flow essentially paral lel to the wall. ItsJ=1 velocity is determined by the outer flow and is

13(k,k) 

~ 

-- consequ ently 0(q (k h ) .  We can neglect thi s flow
— — — , (i ,k =  1 ,. .. ,N) , (18) component, too, ~f.cn writing down the inner re-

presentation of 0 to the lowest order; it
should be inc lud ed in the next order approxinma—

with r~ ’~~ denoting the distance between the tion , however.
slot points i and k • The dominating part of
the remainder correspond s to a ta ngential flow We first solve the sink—flow problem with
past the slot point. a 1 , q~~ — 1 and with vanishi ng potential at

y = z — 0, (How this can be done is demonstrat-
ed in Appendix 2 for the part icular geome try of

• 7. Inner Representations and Matching Fig 5.) Let this normalized potential be
Q(z,y). Then our inner representation isTh inner flows might be analysed either in

the transformod or the original cros s—flow plane (k)+q ~
k) .Q(z/a , yin) , (19)s%nco the matching will involve only 0 and the = 5

q ), which are all invariant under the confomal
mappin g . We choose to work in the original plane wher -) (x ,t) is the value of 0 for slot kas being clearly the simplest alternative, at y = a = 0 (ir necessary oxtrapoluted frets

As explained in general terms in Section 2, Sp by Q )
we shall work with a simplified slot flow model
(Fig. 1) in which fast air from the test section Far away into the test section Q has the

representationenters the plenum chamber as a Jet while, in re-
verse flow, the fast air in the slot returns to Q( z y) = —~~~ hi J ~~ + R + O ( jj~~)the test section without separation , letting in
quiescent air behind it to form a longitudinal

( k I  whereseparation bubble at plenum pressure PpSince the boundary S0 between the two masses
of air is not precisely defined in the mod el , we R 

,4~ m ( Q  + hi ~~~~ ) . (20)

can use this freedom to simplify the computation
of the inner representation . More specifically, The correspond ing representation of 0 iswe shall assume , at least in the steady case ,
that for any given family of similar slot cross—
sections we can restrict ourselve s to one basic 

= •~~~~~
_ 4~ M (r~~/a) + QN R + o(_J~ )Cross—flow solution , taking the differen t posi-

tions of one of its materi al curves to repres ent
possibl e free—boundary curves S, . Then t h e  and this can be matched to the outer reprSsenta—slot fl ow model is essentially complete a~ ~~~~ tion (17). Hence -
as we pro scribe the curv e S at which the
press ur e condition is to be sa~’lsfied whet, there
is s J et into the plenum chamber and at which the •

(1~~ 3 ( 1  ,0N ;x ,t) + £ H~ ’~~ —J et is to be taken to spi it when the flow rever e—
cc. Introducing Cartesian coordinates (z ,y)
(Fig. ~), we take as the parameter for any curve 

— q 14(! in ncR ) . (21)S its intersection y with the y—axis; Ypo’ ittl~s maxi.man value of y~~, corresponds to Spa
This important resu lt perm its us to relate 3

Now let a Cx) be a measure of the width of locally to the plern pressures.
the slot. The velocity leve l in the slot awl its

neighbourhood is given by cik)/a . With this
8. The Plenum Pressure Condition in Steady Flowshould be compared the velocity set up by a ______ _______ _________—___________

streanvise variation of the slot width , as ex-
pressed by the itonnal velocity H in ()). ~~ 

- 
So far the analymis applies in Its main foe—

thi . is proportional to da/dx , it is eviden tly hares to Unsteady as well as steady flow, V.

two ordora of magnitude sinai 1cr in the limit now restrict ourselves to the stead y case (to
return later for a brief discussion of the un—

6
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stead y case). We cat, then app ly the pressure strong re stri ct ion on j~, 
at the outer boundary

cond it ion (5) ,  which gives at 7 • 0, y = Yp or in ter ms of at tile inner boundary, su,Zest—
y ing tha t we migh t run into dif f icul t ies  if we

try to pr escr i be the normal derivativ , at the

• + — (  v ) — — 6(k) (22) 
outer boundary.

x 2 a  p
These consideration s Como sharply into focus

where v .(y~ / a )  is t h e  value of the y—deriva - in the case of au aymaotri c flow in the slender — I -

tive of ~Lhe normalized potential Q at z = 0 on body approximat ion , that i. with the righ t— h and J -

$ • It is sufficient to satisfy the condition member of (25) neglected . Then the perturbation
a? * — 0 if the variation of flow velocity on potential q’(x,r) takes the form
the boundary curve in ,..nahi, as we shall assume
in concordance with our simplified descr ipt ion —

of In order to keep track of yp(X) when rçr = s’(x), ~ = s’(x) ’ ta r + j(x , I )  ,

it is smaller than Vp0 one has to solvo the
tirrorential equation whore s(x) I s  essentially the cross—sectional

.area of the body. In thiø case the radial vel—

a v~,(y1,/a) , (23) 
ocity is every -1,ere exactly determined by (lie
inner boundary condition , at the body, and only
the potential itself can be prescribed at an
outer boundary (at r= I , say), Therefore we ob—

marching downstream from x = x1~, where yp = 0, tath a rcasoi,ah.lo slender—body solution if the
snd taking a h ew initial value Ypo each time outer boundary is a jet boundrary at prescribed
the jet splits on flow reversal, pressure , or a ventilated wall which respond s to

th e radial veloc ity a ’ (x) with a well—defined
Inserting • from (19) into (22), with pressure distribution , On i-he other hand , wi th

from (21), we obtain th e pressure condition in a solid wall , at which zero normal derivative
the form must be prescribed , there is  no solution at all.

Thou the righ t— h and member m ust be retained in
d f  N

~~ i,,3( 1 ,O~~ ;x) + £ q~~il~’~~ + 
(25) , accounting for the raised blockage inter-
ference level typic al of chok ing .i=1 -

+ q~~~,Q(O Y~/a)— R — in aJ} + 
We shall therefo re attemp t to obtain our

outer boundary condition in the form

+ ~~(q~~~v1/a)
5 

— —  6~~ (ic = 1 ,...,N) • (24 ) on Sw i = ~~
‘ (I,) , (26)

If all the fluxes q~~ (x) are haiown thit~~ 
where 

~~~

‘ ( ) is a regular functional over SWs an (it  becomes singu lar in the limit of a solidordinary differential equation for 3( 1 ,e ; x )  wall , of cour se), This choice carries with, itwhich can be integra t ed t ogether wi th (23 ) ,  the suggestion that in solving (25) by an itera—starting with a imown value for 3 at the be— tive numerical method one should march back andginning of the slot, forth between the model and the outer bound ary ,
arriving each, time at the outer boundary with an

9. On Outer Boundary Conditions for improved nonnal vel ocity to give , by (2 6),  an im— - -
- 1~~~~~~tj~~ j~iows proved pressure distribution to be carried back

to the model, it is reassuri ng to be ab le to
At this stage , before we attempt to constr uc t note that employing such a scheme speeds up Con-

an outer bounda ry condition f rom the raw material ver gence , in particular in subsonic regions ,13

gathered in the preceding sections , it might be Our philosophy ,al so suggests that the fini te—
useful to consider what sort of a bowiclary con— difference approxima (ion for the left—hand member
dition we should like to have , of (25) should be a Conservative one .

V. are now concerned with steady flows only, The choice of (26) should not , however,~~pre—
so the differential equation with which to use d ude interest in the inverse functional,.?
the boundary Condition is giving 

~n 
in t~ rrns of ~~. Actually, if we are

to. adop t the idea of a ‘ self—correcting ’ tes t
— (p~~ _ 1~~~~9(y+1)~~~J~~ . (25) section , presently being pursued in severa l lab-

oratories , then a viable sch em e migh t be to incas—
Typically, with those unbounded tr ansoua ic flows ur e t h e  wall pressure distribution along slats ,
for Wuich the meall—pei-tw-bation analysis j. essentially q’ , said hence cump ute the norma l vol—
valid , the right—hand member i~ small compared ecity ~~, rather that , try ing to measure it . For
to the cross—flow derivatives constitutin g the this 3~’ would be needed (toge ther with a pro—
inrt—h.,~d ~~~~~~~ V. expect this to be true Coduro for obtai ning ~ f r ets  ç ; see See—
al so in the present case , at least to the ex~~nt tie,, 12 ) .  One would nex t have to compute the

• that we have been successfu L in designing a slot— unbounded flow out side ~~~ using ~~ itt an
tad test section withu small interfer enc e. This inner bounda ry condition and obtaini ng an esti—
means of cours e tha t the cross flow in any plane mate of what h~’ should be on Sw in order to
a — constant is approximately volume conservl,ig be free of interference. Using again the same
so that as such volume fhw c as ent er ing at thio , Otto would then adjust the test parameters
izvwur boundary, there del.enniuied by the shu~~.o of 

so as to~poke ~ , , computed huy (26) with the ad—
th. model, mast leave through the outer boundary Justod , equal to ~m obtained from the outer
at abou t the same cress section. ‘ntis cxnst&tutn s n flow. Ihepea titig th is cycle as long as the re—

7
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qulred watt  adju stinemuts cia, be realized , employ— (k) ’
thaj alternately 5 ‘ wad $~ , one ~hou h , I  end up ~~~~~~~~~~~~~~~~~ tin . 6(k)1 ‘

2 1’x$x a jwith a slott ed wit h of mtuln ,u.n interference, 
-Ihuvuing the cycle h,ackwarils, adjusting j i~, for

equality rathit ,- than i~ , would se em to be in— to be well—doter ,ntned since l lm(q~”~/n) wil l
viting difficulties,  mover be know,, WI iii aisy pr ecision, ‘Ibis gives

us , perhaps, the opportunity to specify
__________ 

lim(q Ckh/ a) , which u is also utoeded in Eq. (2)) ,10. Constructing the 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ u t  such a way that  

~~ 
takes t h e  va l ue cot-re—

Accord ing to the prescription of Section ~ spondthg to the cho~e.u entrance Mach number
thus avoiding a spurious velocity jump at  x x x 0 .for the boundnry condition on S~•~ l~

) is to be 
In practice (h ue achievomeus t of a ~mootI, en trancerelated to 

~~ in the s une way as ~ is re— 
flow nti~j ,t requ ire a proper choice of plenumlatcd to 

~n’ To the extent that we have estab-
lished this relationship it is Contained in Equa— pressures.
tions (16), (23) and (24). 

In order to complete the construction of the
functiona l ~ we have only to defi fle ~u betweenVe take (16) as a starti ng point since it slots. in accordance with our method of analysiscontains the normal derivative , the ar~ume,uI. thi.s is done , in each plane x = constan t , by t n —  Ifunction of 2’. Substituting ~ (x ,r ,O) for gonometric interpolation of order at . Obviously I 

- 

-
~ (r ,e~ x) and specializing 0 to the slot posi— v s~tst be chosen so as to make 2a, + 1 equa l totions, we obtain 

N at nest ; usually it will be smaller. This - -
s

means that usual ly we cannot satisfy the Co,idi—
£ 

~~~~~~ 
cos(j(e e(1)

))}q~~ t ions (28) precisely. A least—squares f i t  could -

1=1 j = 1 theta be u sed , wh,ict, agaimi calls for ato r imag a
pre—computed constant matr ix.  The deviations, of

(lc = 1,2 ,... ,N) . (27 ) course , correspond to higher order components to

1

-be fil tered out. Since both (23) anti (28) are
non—linear with , respect to q(3) suc)a componentsThis a linear system which determines , for each will arise even if not present in the ~~ useda, the ~iot fluxes in tom-ins of 

~r The coe f— in (27).ficient mr.atrix is indepondemut of x and con be
inverted tasnerically and stored as soon as the The inverse functional is not so easily con—slot locations have been decided. Thus it I S  mi t ructed , dun to the non—lineari ty of the equa—very simple to calculate the slot fluxes from t~~~~ • tions frog, which are determined the fluxes q(1i

Corresponding to a given potential On S~~.Next. we integrate the equation s (2)) to de— iterative scheme must be set up. Once thetermine the flow penetration depth in the slots, fl uxes ore known , the norma l deri vative is im—This is straigh tforwa rd , taking one slot at a mediately obtai,,cd from (27 ) at the slot posi—time. Now the slot geometry is involved , h ow— tions. The construction is again completed byever , so the integration must be repeated eacla tri gonometric interpolation .tim e we make a wail adjustment,

___________ _______________________ 

(From (214), finally, we obtain the value of 11. Symmetric Flow
the potential at the slot positions, -

As a simple application consider the case of
j.(x,1,0~~) = ç~

_ (Q(o.YJa)_n —
~~~ in a 3 q N an axisynmietric bod y along the axis of a circular

— test section with N u n i f o r m l y  dist r ih ,uted j dtyn~x t ical slots (N > 1) .  From symmetry , the flow isN
~ (ic)~ periodic with respect to 0 with , peri od 2u/N— £ H~~ 1k)

q~~~) — j’ [.~(q(’4v1j’a) + 6 j dx The potential ç viii therefore be independenti_ I
o of 0 to order N-i in a trigonometric expan-
(k = 1,...,N), (28) sion, Since N—i is larger than (N.-1)/2, the

upper bound for at , we Conclude that ~ is
independent of e .  Actually , since the fluxsatisfying at x x0 the upstream condition through each, slot is given byfor ~ assumed in Section 3. The right-htaixi

member is now comp letely known. It would i-c..
main valid if we were to allow the plenum pr os— q ’ut ~~~~~~~~ d = 4J~ (= arc length between slots)
mares to vary with a . - (29)

and is independent of at , we will get the sameIt is primarily Equation (28) we must ens- 
~ (x ,r) for all permitted values of U .lye. bhon we want to adjust slot flow parameters

so as to produce the wail pressure distrihut ton 
Equation (29) takes the place of (27). Itcorresponding to inte rforo ,,cc—fre o flow . ThO rC zc~,,~ths to consider (23) arxi (28). Noting thatv-ill always be interfe rence around the entrance in the ~,resent casesection at x = x 0. The tes t parameters , inc l u-

ding the dir ection of thin unbounded flow we ar e 
~~ 11(i ,k) 

— in N ,trying to simalat e, ~hou id be selected in such
a way as to mak o this interference small and 

—local. Also, note thae singular behiaviour of ~ ~~ obta ina~ *~~, 
whore mint only a vanishes but also

q (since Grad h~ — 0 over the whole plane 
v ~ ~r~~ t 1) (do)- z .x,). One caauuot expect 

~~ 
a
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and x sans’ t ime th i t t  t he fre e surfac e Sp m igh t .w,ve

d — 
~ 6~~dx , (31) 

tush that thu. ph i,nrnu pressures 6(1) are no louugc sr
j~ x , 1) 

~o ~~~~~~~ 
S[~” ~ 

+ known in aulvance s i ms - u- pressur e waves rn:uy prop;I—a
with o ra te into the plo .uuun chuiunl,nr. Thin simump i tiled

pictau c of than s h o t  f low introduced in Set - ( i o n  7
K d[~. in ~~ — ! b i t — R +  Q(0 ,y~,/a)) . should be extu-nuled to Inc lude a ~.otent ial s t u i c h i

desc ribes th in cross f l o w  ulue to the mot ion ofna ii

S~~, In addition to t h e  potent ial  Q which tie—
E 1 s.u tton (3 1) agrees w i t h  the classical for— scribes (hue cross f low due to the obliquu uue ss of

(hu e f low. (This appm-oacha means , of cours e , t it a tmain , augunentesd by a uI u ;u h, - z t t i c  c ro ss—flow tens
in the m - u u u r  of W .W . Wooul ~~ . t is ahiowu u in we are assuming f l i t  slot width ,  to  be mes h I co in—

Appendix 2 that Equ.utio~m ( 32) is a secou,,1 enter pam-ed to typical wave length s of thie un i ut i m i d y

approximation for small a/d to (Ito classical f low.)  The addi t - iousal  cross flow is ~onuewtutt

as well a, thic gcuacralize( 1 4 K .  - 
diffement in tha t i t  involves the qi t iosceuut  a i r
of thai plenum clcuuuh u er as well as (hue fast  air in
the slot . Th i s  v i i]  also add a mmcv con t r i bu t ionI t SlAY seem remar-k uble  (hin t ~ I s  lndelu.nd— to t h e  r i g h t — I c u i t i  macamber  of Eq. (23) for S~ ,ent of 0 • It  do~~ miot. t uI ’-an , hmowevei , ( h u n t  thi n thi n l c f (— h r uid member of which , of course , nowwall interference is t o t a l l y  irudn p esaulcui t  of thi n  beeomns ~~/àx + ( i/u )~ /~ t)~~ - A l l  these eff ect s  ,number of s lots , not oven for a fixed ~ In eonmh,the to mak e th ie pressure condi t ion  corrnsjxid -adding slots vu su i; ross aumccessivel - tu i g t i c r j og to (211) luth e r comp lica ted i n  it s  fiuial form .harmonics wh ich were neglected iii ~ (but. Jweaa..

eat in ç )  when t h e  slots were fewer, in order to account for f l u c t u a tio n s in

The outer boundary c o n d i t i o n  ~ = 9t
~ r) 

as we must analyse (1w wave propagation iii th in  p lemi —
constituted by Equations (30), (31) auid (32 )  h a s  urn chianub er , a forltidling task. The msimp lc-st . case -

been tested qui te extcn ~ j~ e l y  ~ wi th  t h e  ususuu ri-. arises i f  t ime p leuiui nu chamber is so large th at, only - 
-

Cal me thod of flc-f. 13. No d i f fi c u l t i e s  wem-e waves propagating f rosui (hue s lots  in to the p le m u t u n  /
chr -uubnr contribute to the pre ssum-e f l u c t u a t i o nfound excep t where (hue s lo t  wid th  was very smitu ,

smaller than noriuial ly used , in  which , Case the Ofl SJ)Q 4 S • ‘flunso wave s coru- espond to thin ad—
tonvergonco h.ecivne slow. h i ts is of course not di t iou ia l , n~ n—stu .a. 1y purl : of (-lie slo t flow and
surprising since ~~ is siuugular In the l i m i t  of so can be analysed, assuming a kuuown stead y pres—
a solid witl.l • 

suro deeper inside the p len um cliruu ,uber. h i  thin
next more comp l ica ted case one would have to
account for varying plenum pressure in the nzu,ucr

12, Analysis of Wail Pressures of thai classical hlehmlioltz resonance analysis.
It seem s that Ii i  t h ese two cases the,-e is a rca—

For a further application , assum e that we sonal-ule chance to be able  to complete time alma—
want to dotcm nntne ~ on S~. by mea sumri mu g th~e lysi s and construct a homogeneous boundary coil—
pressure distr ibution along s l a t s , a t constant dit iomi for the test. sect-iou f low , it will per—
$ = * say . We f irst  j ut s-grate (I ,)  along haps be necessary to lineari ze th in problem ,
time slat to get qu ( thin quadrat ic  cross—flow assumiuig the unsteadiness to he a assail per turba—
tonu can be uung lect e d  in ( l iLa case). Then from tion of a stead y flow.
Equ ations (7) amsi ( 15) we have

114 . Wall Interf erence Corrections.
= ~ + - L~~1~~~~~~~~~~i2a.
- N 1 Suppose we have succeeded in adjus t ing thai

+ £ — cosU (ev_é~
))} (33) test par ;unete rs so as to mak e the interference= ,+~~~~~q(~) {in r~( 

J=1 negligib le at the model, Then three w a ll  correc—
tions of classical typo are imuinediat ely availabl e

where r,~~~ is the cross—flow distance from a from this prccess: a i-Inch number correction
pressure tap to (lie ~1ot point  i • In the case (= M — ?t~ ),  an angle—of—attack correction (= the
of syninotric flow with 9,,, half way between angle of attack of the test section with respect
slots this reducas to the result obtained in to thi n direction of t h e  unbounded flew sinmu latn (l ),
Ref. l$~ and ta, angle—of—yaw correction (= thin correspond-

ing angie of yaw of time test section).
The application of (33) is straightforward -

if we know the fluxes , but we domi ’ t in the inter— The other classical corrections , those for
eating case anion we want to detennino q(i) awl induced buoyancy amid f low curvature, are r ight ly
~~
,. by applying 2~ to ~ . However , ~ — 0 absent. As soon as they are neouled there is a

has the character of a small correction , so distot -t ion of the pressure d is t r ibut ion  over thin
there is little dout ,f. that an i ter a t ive  sc)iCntn , model tha t cannot ho tolerated . Tn con t east ,
using stu ccesnively improved estimates for q t

~~, the former corrections ale  not associated with
viii converge rapidly. 11m1~ is  not rual iy  very any such distort  iou mud shaould be permitted to
patch of a comp lication . .~~~~ line to be compu ted be large if it hel ps iii reducing t h e  int er fer—
iteratively anyway. ence. Th is is “time principle of minimizing

imter fercn ce ra I liar thu an corr ec (ion a ” ~~ i ripi ying
1~~~~~~~~~~~~~~~~ lowq the concept of a “corr ectablc — iuu t er for encua (ran ,—

sonic wi nd twanol~
i6 .

in the first seven sections thai analysi s - There au gh t be other errors present in theappl ies in,l (a mau i features also to unsteady test section f low , errors which, arc not accountedflows. In (hue vmessuro comu d i t l on  (s) ,  howe ver , fo, wh et, computing t hin wall interference. Ills—we wst add ç~/ U to ~~~ recognizing at thi,, tum leutuc ’~ from thin etutr iu tce section upstream of

• 0- •
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the slots , axi al gradient~ set up by the wal l 6. Duuldvin , Jr., D.S., Turner , J .B. and
boundary i:iyers or by Inuproper atigamesut of ti-mo Xnechutel , E.U. ,  Wall interference in wind
wail., or uj,stream imiflucuicu from them st Ing tur uume la with slotted and porous boundariea
arrangement a t e examples. Time main tool for at sub onic speed.. NACA TN 3176 (1954) .
handling such errors is “calibra tion ” , rui inimug
ti-mo test ~ectioi i empty wit h (t ie waL ls  LU WI plenUm 7. Davis , D.D. and Moore , P., Analytical
pressures set for unifo rm f low.  Such errors ~tuuhim ’ol’ blockage— and lif t—interference
should be eliminated by proper adjustment of the corrections for slotted tunnels obtained
test section , not by introdu’~ing corrections to by the substi tut ion of an equivalent home—
the test data . The practice of using the Mach geneous bonualary for time discrete slots,
number o1~ ti me empty test secti om , , calibrated NACA HM—L5:sEo7b (1953).
agaInst the plcnum pressure , as a free—stream
reference Machi number for mmuo dcl tests does not 8. Maeder, P.F. , Theoretical investigation of
seem to usake sense in the Context of the presen t subsonic wall interference in rectangular

- 
theory, slott ed test sections. Ilrown Un. , Div. of

Engineering , Tech. Rep . VT—il (1953).
15. Conclud ing Remarks 9, Woods, L,C,., The theory of subsonic plane

The present inviscict th eory of wall inter— flow . Cambrid ge 1961 .
ference in slotted test sections generalizes to
thu ee—djmcn,jo,,s the theory for two—dimensiona l 10, llarnwell , R ,W ., Improvemeuits in the slotted—
tests developed on a classical basis5’ 14 wall bowucJary condition. Proc. AlA). 9th
Ref. 11. Ia analysing the local flow at each Acrodynansic Testing Con!., p. 2 1 (1976) .
slot separately, the structure of the theory is
such as to facilitate later inclusion of correc— 11 . Garner , hl .C. et al . ,  The theory of inter—
tions to account for viscous effects inside the foreimce effects  on dynamic measurements in
slots and the plenum chamber. A first attempt slotted—wall turumels at subsonic speeds and
in this direction has already been made4 auud comparis on with experimen t . A.R .C. Ii . & 14.

~s more extensive comnpar i sons with experiment 3500 (196C~),
are comp leted i t  might become possible to extend
and delineate the area wh ere time inviscid theory, 12. Tuck , E.0. , Matching problem s involving
with or without corrections, might be used with flow through small holes. Mv. App1. Neck.
confidence. The interaction of shock waves witit j~~ 90 (1975).
the slot flow must be studied, in particular, 

13. Sedin , Y. C. —J . ,  Axisyninetric sonic flow
Meanwhile the inviscid theory cnn be used comn1,uted by a numerical method applied to

f or  runnhuug nwumericai experlmezmts, These wzll slender bodies. AIAA J. j~~, 50~e (1975).
show how accurately one must describe the action
of the slotted wall in different types of appli— 114 . Wood , W .V . ,  Tunnel interference from slot—
cation , and what wall adjustment facilities one ted wails. Qu. J .  Ilech. Appl . Ma th . ~~~~ ,

must provide j ut order to eliminate the wall in— 126 (19614).
terferenco. They will also help developing
strategies for efficient use of adjustable slot— ~5• llornd t , S.IL , On the influence of wal l
ted walls in future wimud tunnels, boundary layers in closed transomuic test

sections. FFA Rep . 71 (1957).
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Appendix 1 — Symbols
2, Go.thert , B.H . ,  Transonic wind tunnel test—

1mg . Edited by V .C. Nelson. AJlAJlDogra~ih a(x) Slot width; Fig. 5
119. Pergamnon Press 1961. d Arc length betw een slots; Eq. (29)

3. flernd t , S.B., Theory of wall interf erence GrWl..~ L~ fforential operators in plane x =

- in transonic windtuunels. Symposium Tram,— constant
sonicurn (1962), edited by K, Oswatitsch , 5 3~’ Functionals on S,,. ; Eq. ( 26)
pp. 288—309. Springer—Verlag 196gm . Eq. (18)

11. Beradt , S.D. and Sbrensên , hi . ,  Flow proper— K(x) Coefficient in slotted—wall boundary
ti .. of slotted walls for transonic test condition; Eqs. (32) , (A—8) and (A—1 2)
sections. ACAIU) Con f. Proc. No. 174 , 14 Mach number of reference flowPaper No. 17 (1975) .

5. Cudorley, C., Simplification. of the bound— 
Entrance Machi number ; Fig. 2

ary conditions at a wind—tunmuel wall vi t im N Number of slots
longitudinal slots. Wri g h t  Air Develop— p Pressure
mont Center Tech . Rep. 53— 150 (1953).  p~~~ Pressure in plenem chamber i

Pressure of f tow at Mach tutinber hi
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Q(s .y) Normalized slo t flow poteuutial ; Eq. (19)  We shall dr turm i ,,n (Ito velocity potential Q(y, z),
q(i)fx ,i) Flux titroughi slot. 1 ; Eq. (12) noruuaii7.ed to vami t ch  at time origin.
R Eq. (20) This is accu.nplimuhued by mapping the flow

region canfonuuuhly onto a hunif plane (—n ‘ #£ - Radius vector in cross—flow piano in sketch), tramusfonning time slot extremityr,~ Polar coor dlsuatus in Cro ss—fl ow plane
14i~ Distance from slot point i ; Fig. 4 ,

Eq. ( i i )  s
Distanco between slot points i and k;
Eq. (18) _ _ _ _ _ _ _ _ _ _

Z/////Y///// (///1 ~~//~~~ ‘,Y/,7/////~
Cylindrical surface enclosim ug (hue model -6

0 
~~.

and its wake; Fig. 2
S Free sin-face b.’twecn fast air amid

quiescent plenum air; Fig. I
8po Surface at plenum pre ssure acro ss jet (z = ice) in to  tint origin am id leaving the faron plenum side of slot; Pig. 1 field undisturtued . The required complex trans.-

formation isOuter bounda ry of test section; Fig. 2
t Time Z = z + i y
U Flow velocity at Mach number N

2 -sif —ii,
= ~Q/~y at y y~ , = Eq. (23) = e •J

’
sit_ oso~•2

1!_ i a  ~~~~ e +ioe~
B $

x Distance along tuiuuel axis; FIg. 2 . I
(A-i)Location of entrance section; Fig. 2

• where ~~~ are polar coordinates in thte t rans—y,s Cartesian coordimuates at slot; Fig. ~ formed pi ano C.  The exterior wall and th e slotCoordinate of S , on slot centre line; w a l l s  are mapped i nto the real axis wi th thteFig. 5 corner points at to  = * i/n . The ori gin goes
Coordinate of S on slot cemitr e line ; into a potuit on the negative imaginary axis , at

distance s from the origin, say . The flow isPig. 5 ~~ 
that of a sink at tho origin , henceRatio of specific heats

Non dimemmsion.’il plenum pressure dif— = — ! ~In — . (A_2)
- 

feremica; Eq. (5) tI

c,~ Perturbation velocity potentials ; This gives , according to Eq. (20), k = (1/n)In s0.Eqs. (i) and (6)

Harmonic functions in cross—flow plane; As the material curve to represent , in its
)~q (7) different positiotus , possible rr ee—bcund~~-,. cuwes

WO ch ,oose one whj~h far into t),e slot is aU Hi~~est order considered in harmonic straight line across the slot. In the trans—
- analysis of inter ference; Eq. (8) fan ned plane the curve, when close to ti me origin ,

is a circle. In order to deter mine its develop—Density of flow at Mach number N 
mont we cart integrate along streamlines (ray s) in

- the t ra nsformed plane . Points on the anise curve
must have time same va lue of the parameter

Appendtx 2

1 dZ1 5Simplified Analysis of Slot Flow t(ø,it~) = S ds ,

CAs a basis for analysing the slot flow for where s is a small positive number, After thetimo geometry of Fig. 5, consider time syninetric al curves h ave been dotennju ied in thue C—plane theyflow of uni t flux frets a half piano into a slot h ays to be t ran sformed back into time Z—p lan o,of unit width amid Unlimited dep th (soc sketch). 
This has r iot boon carried out yet.

For our i ninediate purpose it is sufficient
/ Y to consider the intersection y~ of Sm wi th
- 1 the axis of sysmuetry. This point is mapped on,

/ the negative im aginary axis, at tho distance s
~ from the origin , say. The value of s~, is ob.?
/ tam ed fr om the equation

~~~~~~~~~~~ L i ~//~////~7//, ~~~~~ - - y~, • (A-It)t’p

J 
~~~~~~ ~thich givos, in particular , e~ ~ a0 — 0.21 10 ror

Yp 0. Once s~ (i~ ) is known , it is strai~~ut—
forward to ConçuuO Q amid Vp S

I I

_ _ _ _ _ _
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Q(0 ,y )_ a ’_ ! M s  
d In 

‘A 
Vhen t here is a ‘bubble’, for y < 0 ,Eq.

P “ P ’ P n d 
~~ 

• ‘ ‘5) (*-1•) can again be solved approxi.uatJy. The
rq, ult , for s~ >> a , is

It y~ is well tm slu ’o th e slot Vt- can tdce
to be ,muall. Ezputniing (lie square i-oot lii a — y . -4~ 

.__
~~) 

, (*.—io)
• ( —4) , the following second order a;prc.sim~tion 

p 
~~is Obt&jnod * hence

—2(uy .i)
(A-6)

Hence P

Q(o~v~) — R - 
~j 

(i — In 
~

) -  y~~+~~ 
2(nY~+ i )  — ~ ~~- ( i_  ~~~~~ ~~~~ . ( . t—si )

—2( ny .i)
— i — 2o ~ . (A—?) This is consistent, with S becoming approsi~uuuately a se,uutcirci.m with ~entro at the origin

Inserting into Eq. (32) , we obtain 
~~r

0
~~

’ 1Y11~ >~~t • The corresponding result

df~~Ln~~~+~~~(i_ Lfl~~)+yp/a+
~~ o

2( /C+1)}, ~ =4~ ~~~~~~~~~ 
~~~~~~~~~~~~~ 

. (A-i2) F
(A_ 8)

in complete agreement (to secomud order- in a’d 
Finally, it might be noted that the preced—

with the result of Ref.1~ at least for ‘a 
g ) ,  wttii very minor modifications,

• applies also to a slot located in  a right—angled
This resul t is valid if S is inside the 

Corner. One has on ly to make the exis of synu—
slot. If the flow is leaving slo t as ~ Jet 

m0t17 into a WLJ. anJ every thing else follows .
into the plenum chamber the emialysis in Ref. ii
shows tha t Eq. ~A—8 ) is still valid if y / a  ischanged into i/a + 0.22 , where I is thin depth
of the slot. In the present terminology this -

means simply thint we shall take ______________

(A_9)

•0

• 
.
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